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Abstract 

Cfitieal fouling conditions (CFC) are defined as the process operating conditions leading to the formation of 
multilayer irreversible fouling at the membrane surface. This irreversible fouling is the result of a phase transition in 
the accumulated matter from a dispersed phase (concentration polarisation) to a condensed phase (deposit or gel 
formation): the spinodal decomposition. Properties of concentrated colloid dispersions and their related phase 
transitions are integrated into a classical filtration mass balance via colloidal osmotic pressure, 1-I. This then allows us 
to define CFC for both cross-flow and dead-end filtration. These CFC are expressed in terms of cfitieal pairs of 
operating conditions: the set permeate flux/boundary layer thickness (directly linked to cross-flow velocity) in cross 
flow and the critical set permeate flux/filtered volume in dead end. 
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1. Introduct ion 

Mass accumulation at a membrane surface is 
the natural consequence of  separation. Such an 
accumulation can be reduced by  a tangential flow 
(i.e., by using energy) but never totally avoided. 
This accumulation leads to a reduction of  perm- 
eate flux (a decrease in productivity) but also 
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requires periodical membrane cleaning in order to 
maintain overall good productivity. But the effi- 
ciency o f  the cleaning step depends on the way 
accumulation occurs. 

First, accumulation takes place in the form of  
concentration polarisation, i.e., mass accumulated 
in a dispersed phase on the membrane surface. 
The concentration polarisation layer is totally 
reversible with relaxation of  the separation force. 
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Accumulation can also induce fouling charac- 
terised by its irreversibility (if the separation 
force is decreased). Fouling can be differentiated 
according to its location: 
• internal fouling, i.e., fouling inside the porous 

medium (pore plugging, internal adsorption) 
• interfacial (monolayer) fouling resulting from 

interracial interaction between the material 
and the solute (adsorption, pore blinding) 

• superficial (multilayer) fouling, i.e., a growth 
in fouling layer from the membrane surface 
toward the bulk. In contrast to concentration 
polarisation, fouling is made of matter in a 
condensed state. This form of fouling corre- 
sponds to a gel or deposit layer which can be 
considered as irreversible when the separation 
force is relaxed (or sometimes weakly revers- 
ible after a long time at rest q the relaxation 
phenomena). 

Critical fouling conditions (CFC) are defined 
as process conditions beyond which there is a 
multilayer of fouling growth at the membrane 
surface. The growth of this cohesive matter on the 
membrane surface needs a significant amount of 
energy to be removed. Beneath CFC, accumula- 
tion is totally reversible (concentration polarisa- 
tion) or fouling limited to a monolayer (inter- 
facial fouling as adsorption) or internal fouling 
(that can be reduced by a correct choice of mem- 
brane cut-off). CFC are then important conditions 
when running a process in an optimum way. 
Furthermore, CFC can represent a limit beyond 
which significant energy is systematically re- 
quired to restore the initial state, whereas below 
these conditions only a diffusion process (natural 
and free of charge) can recover the flux. CFC 
could then represent an interesting working point 
in regard to process sustainability. 

Superficial multilayer fouling was investigated 
theoretically first by analysing its physical causes 
and second by proposing a way to describe these 
causes in order to draw conclusions on the 

process, which are defined in a third point both 
for cross flow and in dead end filtration. 

2. Cause: a phase transition called spinodal 
decomposition 

When ultrafiltering a dispersion, fouling is 
often the consequence of the concentration of col- 
loids (macromolecules or submicronic particles). 
Now, colloid dispersions exhibit a specific 
behaviour because of surface interactions. These 
surface interactions are multiple in nature (elec- 
trostatic repulsion, Van der Waals attraction or 
hydrophobic-philic interaction) and have different 
interaction lengths, thus leading to a complex 
system when colloidal dispersions are concen- 
trated. When investigating properties of concen- 
trated colloids, it can be useful to consider the 
phase diagram [ 1 ] as shown in Fig. 1. Five dif- 
ferent phases appear relative to the concentration 
(x axis) and the degree of destabilisation (y axis): 

destabilisation 

Fig. 1. Schematised 
dispersion. 

Concentration 

phase diagram of a colloidal 



P. Bacchin, P. Aimar / Desalination 175 (2005) 21-27 23 

• "gas": phase: diluted dispersion of stable 
particles having a free and random motion 

• "liquid" phase: network of stable colloids in- 
teracting by repulsion and then moving from 
and towards equilibrium position (if particles 
are monodisperse the network is ordered: 
colloidal liquid crystal) 

• aggregate phase: diluted suspension of 
aggregate 

• gel phase: network of colloids interacting by 
attraction characterised by elastic behaviour 

• solid phase: solid structure where colloids are 
in contact (with different compacity according 
to the fractal dimension of the structure) 

The boundaries between these areas corres- 
pond to phase transitions. The transition sepa- 
rating the gas phase from the aggregate phase is 
relative to an aggregation phenomenon that 
occurs when dispersion is destabilised (by adding 
a salt or a coagulant). When concentrating these 
phases, the creation of the liquid or the gel phase 
is due to the percolation of surface interactions 
leading to a network of interacting colloids (by 
repulsion for the liquid phase and by attraction 
for the gel). If concentrated again, these phases 
undergo a spinodal decomposition, i.e., an irre- 
versible transition leading to a solid structure 
where colloids are in contact and interact with 
strong Van der Waals attractions (perfect sink of 
potential energy). 

One can appreciate here the fundamental 
importance of such phase transitions on the way 
irreversible fouling forms on a membrane. But a 
model is needed to account for this behaviour in 
the description of transport phenomena occurring 
in the filtration operation. 

3. From causes to consequences: H-based 
modelling 

3.1. Colloidal osmotic pressure 

It is possible to account for properties of 
concentrated colloidal dispersions via osmotic 
pressure, 1-[. Osmotic pressure is already well 
known in membrane processes as the main limit- 
ing phenomena when dealing with salt retention 
in reverse osmosis processes. But colloidal 
osmotic pressure has been shown as an interesting 
macroscopic tool to relate colloidal properties 
both in theoretical [2] and in experimental [3,4] 
points of view. Furthermore, osmotic pressure 
variations can easily give information about the 
spinodal decomposition (see previous section) 
that appears to be theoretically described as a 
maximum in the osmotic pressure vs. a volume 
fraction curve [5]. A classical variation in osmotic 
pressure is presented in Fig. 2 as a function of the 
volume fraction from computation accounting for 
contribution of entropy (or Brownian diffusion), 
repulsive electrostatic repulsion and attractive 
Van der Waals interaction [2,6]. 

H gas 

Perfect gas 

liquid i solid 
t 
i 

Repulsive " ~  Wia's \ 
{~crit ~) 

Fig. 2. Classical variation of 
osmotic pressure with volume 
fraction for stable colloids. 
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The first leg is a linear variation of osmotic 
pressure with volume fraction (Van't Hoff rela- 
tionship) and corresponds to the gas phase limited 
by entropic contribution. When colloids are so 
concentrated that repulsion between particles 
occurs, the osmotic pressure increases more 
severely (gas/liquid reversible transition). The 
osmotic pressure curve presents then an inflexion 
and, later, a maximum because of the increasing 
part of Van der Waals attraction. A maximum 
(spinodal decomposition) appears when attraction 
exactly counterbalances repulsions, thus leading 
to instability: formation of aggregates. The inten- 
sity of the maximum of osmotic pressure has 
been experimentally found around 0.2 bar for 120 
nm particles size [4]. Osmotic pressure can then 
be significant when compared to the classical 
pres-sure used in ultrafiltration. However, the 
effect of osmotic pressure does not end at the 
classical effect of a reduction of applied pressure 
at-counted by using AP-AII in the filtration law; 
indeed, colloidal osmotic pressure is also directly 
linked to the diffusion phenomena and then acts 
on the way colloids concentrate at the membrane 
surface. 

3.2. Gradient (or collective) diffusion 

The gradient diffusion (defined as the col- 
lective diffusion of colloids in a concentration 
gradient in contrast with self-diffusion) is directly 
linked to the variation in osmotic pressure, II, 

with volume fraction, ~, by the Stokes-Einstein 
relationship [7]: 

D(¢)  = D b K(~)  - - ~  with II* = 1I kB T (1) 

where K((~) is the hindered settling coefficient, Db 
is the bulk diffusion coefficient (for infinite dilu- 
tion) and Vp the volume of the colloid. By using 
this relationship, one can deduce the gradient 
diffusion coefficient (Fig. 3) corresponding to 
osmotic pressure variations as plotted in Fig. 2. 

The diffusion coefficient is seen to be constant 
for diluted dispersion (the gas phase). Then, the 
gradient diffusion increases rapidly because of 
the concentration of particles being in repulsive 
interaction (repulsion acts as compressed springs 
inducing important collective diffusion particles). 
Oppositely, for a higher volume fraction when 
attractions become important, the diffusion co- 
efficient is reduced. The diffusion is reduced to 
zero when the spinodal decomposition occurs 
(this nil value is a synonym ofirreversibility: the 
mass cannot return naturally in the bulk by 
diffusion). 

It has to be noted that osmotic pressure and 
diffusion coefficient variations vary depending on 
surface properties (zeta potential), dispersant pro- 
perties (ionic strength) and particles size. For a 
smaller size than the one used in the preceding 
plot, the concentration lead to a progressive phase 

D(~) 
gas 

i '\ 
solid 

Fig. 3. Evolution of the collective 
diffusion coefficient with volume 
fraction relative to osmotic pres- 
sure variation shown in Fig. 2. h)crit 0 
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transition from gas to gel (and not liquid as noted 
for larger particles schematised by Figs. 2 and 3) 
before the transition to the solid phase. This 
difference can be seen as the natural causes for 
the formation of the gel or deposit layer, respect- 
ively, for small maeromolecules and large col- 
loidal particles [6]. 

3.3. lI-based filtration mass balance 

The osmotic pressure and the relative gradient 
diffusion coefficient can be used in classical mass 
balance to account for the properties of concen- 
trated colloidal dispersion. During filtration with 
a fully retentive membrane, the mass balance can 
be written as: 

J ~  - D ( ~ )  dqb = 0 (2) 
dx 

These mass balances combined with the Stokes- 
Einstein law [in Eq. (1)] leads to: 

D~ 
dx -- __z dII* (3) 

J 

where the accumulation (left term) is related to 
variations of the osmotic pressure, II(dp), and the 
settling coefficient, K(qb) with volume fraction 
(right term) that depicts the resistance of disper- 
sion to a local over concentration. These proper- 
ties of the colloidal dispersion appear then very 
pertinent for the description of filtration pro- 
cesses. The consequences of Eq. (3) in transport 
phenomena occurring during filtration are de- 
tailed in the section below. 

4. Consequences: critical fouling conditions 

4.1. Cross f l ow  mode 

During filtration in the cross flow mode, one 
considers that accumulation occurs in a fixed 
mass boundary layer, the thickness of this mass 

boundary layer being relative to the cross flow 
velocity sweeping membrane wall. Eq. (3) can be 
integrated over this a priori known thickness, 6, 
leading to the following relationship: 

ii; Js b 
- f d i p  (4) 

n; 

Physically, this equation links operating condi- 
tions (left term), i.e., permeate flux and cross 
flow velocity (through 5) to dispersion properties 
(right term), i.e., osmotic pressure and the settling 
coefficient. The left term can be seen as a P~clet 
number relating the importance of the friction 
acting on a particles along the boundary layer 
over the diffusion. One can define a critical Pe 
number leading the membrane osmotic pressure, 
1-I m, to reach the critical osmotic pressure, II,,,, as 
follows: 

n£, 
(SS)o , dlI" (5) ee=a'- I ¢ 

1i; 
The right term is then relative to the stability of 
the suspension when submitted to cross flow fil- 
tration. A consequence of the critical Pfelet 
number is that there exists a critical permeate flux 
for a given cross flow velocity - -  and then 
known 8 (Fig. 4b) or a critical cross flow velocity 
for a given permeate flux. The concept of a criti- 
cal Pfelet number, first described in [8], can 
explain the way irreversible fouling layers form 
along a membrane channel by considering the 
growth of boundary layer [6]. It is then possible 
to have a steady flux without any superficial 
fouling in cross flow filtration: sub-critical 
operation. 

4.2. Dead-end mode 

In unstirred dead-end filtration, the built-up 
mass can be easily deduced from experiments by 
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Fig. 4. Schematic representation of volume fraction, qb, variation with the distance to the membrane, x. Critical fouling 
conditions appears for a critical accumulated volume in dead-end filtration (a) or for a critical flux in cross flow filtration 
(b). 

a mass balance between the initial solution and 
the collected permeate. This accumulated mass 
can be directly linked (via the colloid density and 
membrane area) to an accumulated volume of  
mass V a per m 3 of  membrane area (m3/m 2) being 
linked to the easily measured filtered volume per 
membrane area, V, as follows: 

V,, = R. V. dp b (6) 

where R is the membrane retention coefficient 
and qb b is the colloidal volume fraction in the 
bulk. Integration of  Eq. (3) is then achieved over 
the accumulated volume of  matter as follows: 

- f K (qb) d II* (7) 
Db 

a; 

where the first term is relative to the set of  operat- 
ing conditions (permeate flux and accumulated 
volume of  matter) and the second one is linked to 
the dispersion properties through the osmotic 
pressure and the settling coefficient. The left- 
hand term can again be assimilated to a Prclet 
number relative to the ratio of  friction across the 
whole layer of  accumulated particles over the 
diffusion. A critical Pe number can be defined 

when operating conditions make the osmotic 
pressure reach its critical value: 

f x( )an* (8) 
n; 

Consequences o f  this critical Prclet number 
are that there should exist a critical filtered vol- 
ume for a given permeate flux (Fig. 4a) and a 
critical permeate flux for a fixed filtered volume. 
Such a statement has been theoretically demon- 
strated when modelling filtration by the force 
balance approach [9]. Consequences of  a critical 
filtered volume on dead-end filtration have been 
investigated [10] when operating under constant 
pressure. Experimental evidence has been shown 
on latex suspension [9,11 ], clays suspensions [ 11 ] 
and natural organic matter [ 12]. It is then possible 
to run successive dead-end filtration and drain 
cycles with no significant formation ofmultilayer 
fouling on the membrane if  processing a filtered 
volume under its critical value. 

5. Conclusions 

The critical flux concept and its related CFC, 
defined as operating conditions leading to the 
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formation of multilayer irreversible fouling, are 
shown linked to'properties of concentrated col- 
loidal dispersions. An irreversible transition from 
a dispersed phase to a condensed phase (called 
spinodal decomposition by a physicist) is the 
cause for the formation ofmultilayer irreversible 
colloidal fouling. It appears possible to account 
for the properties of concentrated colloidal 
dispersion using a classical filtration mass bal- 
ance through the colloidal osmotic pressure, II. 
II-based modelling allows us then to quantify 
CFC both for cross flow and dead-end filtration. 
Such CFC are expressed in terms of a set of 
critical operating conditions: the set permeate 
flux/boundary layer thickness (directly linked to 
cross flow velocity) in cross flow and the set 
permeate flux/filtered volume in dead end. 
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